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SUMMARY 

Experimental measurements of surface pressure, heat-transfer coef- 
f ic ien ts ,  and surface oil-flow patterns are presented f o r  a configuration 
consisting of a half-cone with a f la t  canted nose and rounded edges. 
Tests were made at  a Mach number of 9.6 i n  the Langley 11-inch hypersonic 
tunnel over an angle-of-attack range from -l5O t o  45O measured t o  the f la t  
bottom surface. 

t f  

The resu l t s  of the t e s t s  show that the bottom surface behaves very 
much l ike  a blunt-nosed de l t a  wing with cyl indrical  leading edges, i n  

w sp i te  of the short  length compared with the blunt-nose width. 

The radius of the edge rounding of the nose was  chosen t o  give 
approximately constant heat-transfer coefficients across the nose f la t  
a t  the angle of a t tack fo r  which the nose i s  normal t o  the f ree  stream. 
This objective was f a i r l y  well  realized, and even f o r  angles of attack 
up t o  loo greater or l e s s  than the design angle, the increases i n  heat- 
t ransfer  coefficient were moderate. The highest heat-transfer coeffi- 
c ients  recorded i n  the t e s t s  occurred at  negative angles of attack, f o r  
which the stagnation point was on the toro ida l  corner of the nose. 

The surface oil-flow patterns showed extensive regions i n  which the 
streak l ines  were nearly pa ra l l e l  or radial, so tha t  simple loca l  approx- 
imations should be adequate f o r  estimating heat transfer.  Some regions 
of more complicated flow were found i n  which the temperature measurements 
indicated increased heat-transfer ra tes .  
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INTRODUCTION 

The advantages t o  be gained by use of some l i f t  during reentry i n  
reduced decelerations and heating rates, range-control capability, and 
increased reentry-corridor height over the purely b a l l i s t i c  mode (ref. 1) 
have led t o  the study of a var ie ty  of shapes characterized by maximum 
l i f t -drag  r a t io s  on the order of 1/2. The aerodynamic character is t ics  
of a number of such configurations are summarized i n  reference 2. 

The present investigation w a s  undertaken t o  study the heat t ransfer  L 
and flow over a shape related t o  one of these configurations, the L1. 1 
The shape tes ted w a s  basical ly  a half-cone with a f la t  canted nose and 6 
rounded corners. 0 

2 
The poss ib i l i ty  of analytic study of the flow over such a configura- 

t ion  i s  limited. 
can influence the en t i r e  afterbody f low,  making the va l id i ty  of simple 
piecewise approximations l ike  Newtonian and tangent wedge theories some- 
what questionable. Therefore, an experimental study of the surface flow 
patterns and heat t ransfer  w a s  undertaken t o  help evaluate the f e a s i b i l i t y  
of such a configuration f o r  a reentry vehicle. 

The body is  so short t ha t  the blunt-nose flow f i e l d  
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SYMBOLS 

specific heat of air  at  constant pressure 

specif ic  heat of model skin material 

nose height of model, equals diameter of inscribed disk 
(see f ig .  1) 

9 
(Taw - Tw) 

aerodynamic film heat-transfer coefficient, 

thermal conductivity of air 

Mach number 

Prandtl number 

h Stanton number, - PUCp 

loca l  s t a t i c  pressure w 
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t o t a l  pressure behind a normal shock 

heat-flow ra t e  per uni t  area 

Reynolds number 

radius of rounded edges of model 

distance along surface measured from aerodynamic stagnation 
point i n  streamwise direction 

temperature 

adiabatic - w a l l  tempe rature 

reference temperature, defined i n  equation (4) 

model skin thickness 

air speed 

surface distance i n  plane of symmetry, measured from origin 
a t  junction of f l a t  bottom and nose 

surface distance along conical element, measured from 
arb i t ra ry  origin 

surface distance i n  plane normal t o  cone axis, measured from 
origin a t  center l ine  of f l a t  bottom 
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ver t i ca l  height from plane of f la t  bottom 

angle of attack of model, measured from free-stream direction 
t o  element on f la t  bottom of model 

r a t i o  of specific heats of air 

temperature recovery fac tor  

coordinate angle on f l a t  bottom surface of model 

dynamic viscosi ty  of a i r  

density 

Reynolds analogy factor  
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7 time 

Pr 
Subscripts : 

D 

fP 
2 at  loca l  s t a t i c  conditions j u s t  outside boundary layer  

S distance along surface measured from aerodynamic stagnation 

coordinate angle fo r  conical surface of model 

with nose height as charac te r i s t ic  length (see f i g .  1) 

calculated fo r  a f la t  p la te  without pressure gradient 

point i n  streamwise direct ion 

t a t  tunnel stagnation conditions 

t h  theore t ica l  value 

W r e f e r s  t o  model skin 

0 evaluated a t  conditions j u s t  behind a normal shock 

to refers t o  free-stream conditions 

EXPERIMENTAL TECHNIQUE 

Tunnel and T e s t  Conditions 

The experiments were conducted i n  the 
Langley 11-inch hypersonic tunnel, a blowdown f a c i l i t y .  A description 
of the tunnel may be found i n  reference 3. 

M = 9.6 nozzle of the 

The majority of the t e s t s ,  both heat t ransfer  and pressure, w e r e  
made a t  &,D = 0.118 X lo6. 
&,D = 0.095 X lo6 and %.,D = 0.069 X lo6 t o  check fo r  e f f ec t s  of 
Reynolds number. The stagnation temperature f o r  a l l  tests w a s  about 
1 , 6 0 0 ~  R. In obtaining heat-transfer resul ts ,  a quick-starting technique 
w a s  used which approximates the sudden immersion of the model in to  a 
f u l l y  developed tes t -sect ion flow. This technique consisted of s t a r t i n g  
the airflow through the heater and bypassing t o  atmosphere. When the 
heater conditions were steady, delivering a i r  at  the desired stagnation 
temperature, the nozzle airflow w a s  s ta r ted  by a quick-opening valve. 
Heat-transfer data  were obtained by measuring t ransient  temperatures 
at  the t i m e  a t  which the stagnation conditions were steady. This t i m e  
varied between 1.5 and 2.8 seconds. Pressure data were obtained about 
60 seconds after the  s tar t  of flow i n  order t o  eliminate the l ag  i n  the 
pressure tubing and c e l l s  as a source of e r ror .  

However, some t e s t s  were also made a t  

h 

.k 
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14 Models and instrumentation.- The shape studied, shown i n  figure 1, 
i s  bas ica l ly  half  of a 200 half-angle cone. The nose i s  cut off i n  a 
plane making an angle of 5 5 O  w i t h  the plane of the bottom, and the cor- 
ners a re  rounded off t o  a constant radius i n  cross section. The t rue  
out l ine of the nose i s  a segment of an e l l i p se .  It was  found, however, 
t h a t  the out l ine could be closely approximated by a semicircle. For 
convenience, the curved surface joining the nose f la t  t o  the conical 
surface w i l l  be referred t o  as the toro ida l  surface. 

Two models were used i n  th i s  investigation; one f o r  heat- t ransfer  
and the other f o r  pressure measurements. Both were made from 0.050-inch- 
thick Inconel sheet. The heat--transfer model w a s  instrumented w i t h  a 
t o t a l  of 72 chromel-alumel €hermocouples formed from 0.010-inch-diameter 
wire. 
which w a s  inser ted i n t o  a hole i n  the surface of the model and welded i n  
place with Inconel. The locations of the temperature-measuring s ta t ions  
are shown i n  f igure 1 and table  I. The output of the thermocouples w a s  
recorded on 18-channel oscillographs. 

The w i r e s  forming a pa i r  were welded together t o  form a bead 

Surface pressures were recorded by means of the aneroid-type s i x -  
There were 48 pressure c e l l  recording un i t s  described i n  reference 4. 

o r i f i ce s  (0.060 inch i n  diameter) located on the model a t  s ta t ions  cor- 
responding t o  cer ta in  of the thermocouple locations, as shown i n  tab le  I. 

Data reduction.- Heat-transfer coeff ic ients  were determined from 
a. 

the temperature-time records by using the following thin-skin calorimeter 
equation i n  which conduction, radiation, and geometric corrections due 
t o  curvature of the w a l l  are neglected: ' 2  

Tw) q = "(Taw - 

d T W  = p t c  - 
w w w d T  

Inconel properties were obtained from reference 3. For each run, the 
records were inspected t o  determine the e a r l i e s t  time at  which the air  
stagnation temperature and pressure could be considered constant. A t  

t h i s  time Tw w a s  read, and - 
tangent t o  the temperature-time curve f o r  each thermocouple. 

determined from the slope of the d T W  
d T  

Adiabatic-wall temperature Taw w a s  calculated f o r  each s t a t ion  
from the re la t ion  

Y - 1  
Taw 
T t  
- =  

1+- 
2 
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Local values of M were calculated from the measured pressure distribu- 
tion, with the assumption of isentropic expansion from the stagnation- 
point pressure. For the reduction of the data i n  th i s  report, the 
recovery fac tor  w a s  assumed constant a t  the value 

qR = \Fpr = 

as a function of 7, is  shown i n  figure 2. A check w a s  made of the 

Taw e r ro r  involved i n  t h i s  approximation. Values of - 
Tt 

a varying value of Ne a t  T2'  and also f o r  Npr evaluated a t  
T + T  

2 
small compared with the temperature difference 
di t ions of the present study. 

= 0.83. The curve of - Taw with t h i s  assumption, 
T t  

P 

pt 
calculated w i t h  

are shown i n  figure 2. The differences between the curves are 

Taw - Tw f o r  the con- 

The model at  the start of the t e s t  airflow i s  very nearly isothermal, 
but a t  the time chosen for data reduction temperature differences have 
developed because of the varying heat-transfer coefficients. The con- 
duction heat flow i n  the model skin was estimated f o r  a number of sta- 
t ions on the model, and it w a s  found t h a t  over most of the model the 
conduction heat fluxes were negligible compared t o  the convection heat- 
input rates. However, on the curved edges joining the f la t  nose with 
the conical and f la t  surfaces of the afterbody and on the cyl indrical  
edges of the f lat  bottom, the conduction was  not negligible. Unfortu- 
nately, these curved regions were so small tha t  it w a s  not prac t ica l  
t o  i n s t a l l  enough instrumentation t o  permit an accurate conduction cal- 
culation. The heat-transfer coefficients are, therefore, presented 
without correction f o r  conduction. It w a s  estimated tha t  the largest  
conduction e f fec t  w a s  t o  be found on the toroidal  surface a t  low angles 
of attack, f o r  which the uncorrected data points might be too l o w  by 
30 t o  50 percent. 

RESULTS AND DISCUSSION 

Surface Pressures 

The pressure data  are presented i n  the form of r a t io s  of measured 
pt', the t o t a l  pressure behind a normal shock at  surface. pressures t o  

the free-stream Mach number. Data from the two rows of or i f ices  nearest 
the plane of symmetry have been combined and are  plotted as though they 
were on the center l ine  i n  figures 3(a) and (b), at  several  angles of 
attack. The or igin of x i s  a r b i t r a r i l y  fixed at  the point of tangency 
of the nose with the f la t  bottom. 

I 
1 
t 



1 

7 

Newtonian theory predicts, of course, constant pressure on the 
nose f la t  and bottom flat, and along the cone element, while the data 
show considerable variation i n  a l l  of these regions. In particular,  the 
large pressure changes across the nose f la t  f o r  angles of attack below 
30° and at  45' (and presumably a t  higher angles also) are s ignif icant  
f o r  heat-transfer estimates ( f ig .  3(b)).  Near a = 35' f o r  which the 
nose f la t  i s  normal t o  the free-stream direction, the pressures are more 
nearly constant over the f l a t  portion. 

From figure 3(a), it can be seen tha t  over the cone, a t  15' angle 
of attack f o r  which the cone element i s  inclined only 5' t o  the free- 
stream direction the blunt nose induces pressures higher over the en t i re  
length of the model than those expected f o r  a sharp cone. For angles of 
attack of Oo and -loo, however, the nose-induced pressure r i s e  seems t o  
a f fec t  only a short  region back of the nose. 
( f ig .  3(b)), where the cone element i s  i n  the Newtonian shadow, the pres- 
sures change very l i t t l e  with angle of attack or position. 
cannot, however, be assumed over the en t i re  cone, because of the oil- 
flow patterns t o  be discussed subsequently. 

A t  angles above 30' 

Separation 

On the lower surface, as might be expected from the short  chord 
re la t ive  t o  the nose height, the nose-induced pressures a f fec t  the 
en t i r e  bottom, but again as found i n  the delta-wing t e s t s  ( ref .  6), the 
increment of pressure due t o  the nose becomes relat ively smaller as the 
angle of attack increases, even f o r  distances as short  as twice the 
nose-bluntness height. 

Generally, the transverse pressure dis t r ibut ion across the bottom 
of the m,del indicated a r i s e  i n  the pressme toward the edge of the 
f la t  bottom (f igs .  &(a) and ( b ) ) .  A t  angles of attack above 15O, t h i s  
pressure r i s e  becomes l e s s  pronounced with increasing angle of attack. 
This pattern becane more pronounced a t  the most a f t  s ta t ion  on the model. 
This was  similar t o  the behavior of the pressures found on blunt leading- 
edge de l t a  wings i n  references 6 and 7. 

Because of the s imi la r i ty  of the planform of the model t o  a blunt 
de l t a  wing, a d i rec t  comparison of the pressures obtained from the 
present t e s t s  was  made with those obtained from t e s t s  ( re fs .  6 and 7) 
of a de l t a  wing having a blunt nose and blunt leading edges. In t h i s  
comparison, presented i n  figure 5,  the data f o r  both the model of the 
present investigation and the de l t a  wing represent center-line pressures, 
Also presented i n  figure 5 are the pressures predicted by Newtonian 
theory. Above an angle of a t tack of YjO, the trend of the resu l t s  
obtained from the present t e s t s  w a s  similar t o  tha t  predicted by 
Newtonian theory and correlated w e l l  with the resu l t s  obtained f o r  
de l t a  wings. Below a = l5', Newtonian theory seriously underestimated 
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the pressures because of the induced pressures caused by the blunt 
nose. 

Surf ace Flow Patterns 

Two techniques were used f o r  the oil-flow visualization. One w a s  
the continuous o i l  film with added sol id  par t ic les  which formed filaments 
alined with the oil-flow streamlines. The other was the oil-streamer 
method, also with sol id  par t ic les  added to  the o i l ,  i n  which o i l  from 
a small source w a s  dragged along the surface leaving a wetted t r a i l .  

The first method, the oi l - f i lm technique, consists of coating the 
model more or l e s s  uniformly with a fi lm of o i l  containing a suspended 
sol id  pigment (lamp black) and then exposing the model t o  the airflow. 
As the o i l  f i l m  thins  due t o  the boundary-layer shear, the sol id  par- 
t i c l e s  tend t o  form streaks pa ra l l e l  t o  the oil-flow direction. These 
streaks become more sharply defined as the o i l  f i lm gets thinner and 
tend t o  remain a f t e r  the o i l  f i lm i s  too th in  t o  flow. The patterns 
i n  t h i s  condition pe r s i s t  through the tunnel-flow breakdown and can be 
examined a f t e r  the run. 

The shear s t resses  vary considerably over the surface of a model, 
and the filament pattern develops sooner i n  the regions of high shear 
than i n  regions of Low shear. By the time a filament pattern had 
developed completely i n  regions of low shear, more often than not the 
pattern i n  the region of high shear had disappeared. Because of t h i s  
disadvantage, the oil-streamer (or oil -dot)  method w a s  developed i n  
which o i l  was  applied i n  small dots a l l  over the model i n  a reasonably 
regular pattern with a pen or a s m a l l  pointed brush. This method gave 
sharply defined surface streamlines. Some judgment w a s  required i n  
the spacing of the dots i n  order t o  obtain adequate d e t a i l  of the flow 
pat tern without running the streamers together. If the dots are of 
uniform size the lengths of the streaks give a rough indication of the 
re la t ive  shear stresses.  It i s  necessary t o  adjust  the "stiffness" of 
the oil-pigment mixture t o  s u i t  the shear-stress levels of the flow t o  
be studied, but the adjustment i s  not c r i t i c a l .  These dot patterns 
survive the tunnel-flow breakdown very well and are usually recorded by 
photographing the model outside the tunnel. 
present investigation by the dot technique are shown i n  figure 6. 
Because of the high shear s t resses  over most of the model, the dot 
technique w a s  used f o r  a l l  angles of attack. 
technique w a s  t r i e d  a t  
of the model ( f ig .  6(h)) .  

Results obtained i n  the 

However, the o i l - f i lm 
a = 35' with good resu l t s  over the af t  portion 

L 
1 
6 
0 
2 

Examination of the flow patterns obtained revealed some very 
interest ing phenomena. 
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On the nose, as the angle of attack increases from -20°, the 
stagnation point moves from a point on the toroidal  surface t o  the nose 
f la t  a t  about 30' t o  40°, and then onto the cylindrical  t rans i t ion  sur- 
face. A t  very low angles of attack, -20' t o  Oo, the oi l - f low,l ines  over 
the nose f la t  are nearly s t ra ight  and paral le l .  A t  large angles of 
attack, 50' and 60°, the flow l ines  become nearly rad ia l  over the nose 
f l a t  . 

On the conical par t  of the model a t  negative angles of attack 
( f igs .  6(a)  and (b)),  the oil-flow patterns show a dividing streamline 
on the most windward cone element, = 90'. A t  a = 0' ( f ig .  6 (c) ) ,  
the flow l ines  are about pa ra l l e l  t o  the cone elements except near the 
f l a t  bottom where there i s  a bleed off of a i r  from the cone into the 
lower pressure region of the f la t  bottom. a = 100 ( f ig .  6(d)),  
the oil-flow pattern indicated the existence of pa ra l l e l  flow. A t  an 
angle of attack of 3 5 O  the oil-dot technique ( f ig .  6 (g ) )  indicated low 
shear over much of the cone, suggesting separated flow. However, the 
oi l - f i lm technique a t  t h i s  angle ( f ig .  6(h)) did not show separation 
but indicated a rather  unusual flow pattern which was caused by the 
bleed off of a i r  from the high-pressure region of the bottom in to  the 
low-pressure region of the conical afterbody. It w a s  f e l t ,  however, 
t ha t  above a = 40° separation did occur. 

For 

On the f l a t  bottom, the pat tern of the o i l  streaks streaming back 
from the nose hinted at  the existence of a pa i r  of vortices originating 
from the two corners. This pattern w a s  observed t o  occur a t  angles of 
attack of -20' and -loo ( f igs .  6(a) and (b ) ) .  A t  a = loo the stag- 
nation l ine  moved from the cane t o  the cylindrical  surface between the 
cone and the bottom. The stagnation l ine  remained on the cylindrical  
surface through a = 3 5 O .  Above a = 3 3 O  the flow l ines  indicate the 
same type of dividing stream l ine  tha t  w a s  demonstrated on de l ta  wings 
i n  reference 6. The flow pat tern at  a = 35O and 40° w a s  l inear  and 
pa ra l l e l  over much of the span. 

A t  a = 3 5 O ,  when the nose f la t  i s  normal t o  the f ree  stream, a 
calculation of the inviscid flow stream l ines  was  made, resu l t s  of which 
are shown i n  figure 7. The method of calculation w a s  the same as tha t  
developed at the 11-inch hypersonic tunnel f o r  a de l t a  wing a t  
presented i n  references 6 and 8. 

a = 90° 

A c i rcu lar  disk w i t h  rounded edges w a s  inscribed i n  the nose, 
matching the cross section of the nose i n  the plane of symmetry of the 
model. The nose of the actual  model w a s  considered a semicircle i n  
outline. 
the semicircular par t  of the periphery and t o  the s t ra ight  edge of the 
actual model were independent of each other and had the same dependence 
on distance from the boundary as was  found for the inscribed c i rcu lar  

It w a s  then assumed t h a t  the velocity components normal t o  
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disk. With these assumptions a family of rad ia l  velocity vectors was 
constructed t o  represent the e f fec t  of the circular  edge, and a family 
of pa ra l l e l  vectors w a s  constructed t o  represent the e f fec t  due t o  the 
straight edge. Typical values a re  shown i n  the left-hand s ide of f ig- 
ure 7. The magnitude of the vectors of each family decreases t o  zero 
at  a distance from the corresponding edge equal t o  the radius of the 
inscribed disk. 
occur, the components are  added. From the vector f i e l d  so  constructed, 
the streamlines are  drawn with the vectors as tangents. 

In  the regions where components due t o  both edges 

In  the lower par t  of f igure 7 the calculated streamlines are com- 
pared with the oil-flow pattern over the nose. The general quali tative 
agreement i s  good, verifying the approximation i n  the construction that 
there are regions of flow influenced by only one of the edges, giving 
rad ia l  streamlines near the c i rcu lar  arc  edge and para l le l  streamlines 
near the s t ra ight  edge. 

Schl.iere n Photographs 

Schlieren photographs of the flow over the model are shown i n  f ig-  
ure 8 f o r  several  angles of attack. 
standoff distance and curvature are determined by the small radius of 
the toroidal  surface. A t  high angles of attack of 30° and above, the 
nose height determines the shock shape. It i s  interest ing t o  note that  
the position and shape of the forward portion and upper limb of the 
shock with respect t o  the undisturbed f ree  stream change very l i t t l e  
with angle of attack of the model between 30' and 40'. 

A t  a = -loo and Oo, the shock 

He at- Transfer Results 

The resu l t s  of the heat-transfer t e s t s  are presented without cor- 
rection f o r  heat conduction i n  the model f o r  reasons previously mentioned. 

In designing the nose of the model, the r a t i o  of edge radius t o  
equivalent nose disk radius w a s  chosen as 0.5 t o  give an approximately 
constant heat-input ra te  over the nose f la t  a t  an angle of attack of 35' 
where the nose i s  normal t o  the airstream. The resu l t s  of the t e s t s  
showed tha t  t h i s  objective was  f a i r l y  well realized, and the heat. trans- 
f e r  w a s  f a i r l y  constant over the nose f lat  fo r  angles of attack of 30°, 
3 5 O ,  and 40° ( f igs .  9(b) and ( c ) ) .  
i n  any of the t e s t s  w a s  noted t o  be on the torus a t  

The highest heat-transfer coefficient 
a = -15O ( f ig .  9(a)). 

The heat t ransfer  over much of the conical afterbody a t  an angle 

For angles of attack of 25O t o  
of attack of 0' ( f ig .  lO(a)) was f a i r l y  constant with the exception of 
the region near the toroidal  surface. 
45' ( f igs .  l O ( a )  and (b)) the heat t ransfer  over much of the conical 
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afterbody w a s  low with the exception of the region defined by 
and 1600. Heat t ransfer  fo r  9 = 20' and 160° changed l e s s  throughout 
the en t i r e  angle-of-attack range tes ted than other values of 
should be s ta ted here tha t  f o r  f igures 9 t o  14 the fair ings &e intended 
only t o  connect points. 

= 20° 

It #. 

It may be seen tha t  the circumferential heat-transfer dis t r ibut ions 
(f ig .  11) were similar at  successive s ta t ions  back on the body, with 
the exception of the behavior of the heat t ransfer  a t  the most aft  s ta-  
tion, s ta t ion  2.75, at  angles of attack of 40° and 45'. It is  of i n t e re s t  
t o  note tha t  with the exception of 
highest on the cyl indrical  surface between the conical afterbody and the 
f la t  bottom. This was similar t o  the r e su l t s  obtained f o r  the de l t a  
wing (ref. 6). 

a = -Yjo the heat t ransfer  w a s  

The oil-flow patterns on the f l a t  bottom of the model for negative 
angles of attack showed disturbances tha t  suggest vortices streaming 
off  each corner of the nose. In the heat-transfer measurements a t  
a = -15O at  the rearmost station, f igure I l (d) ,  there i s  a high heat- 
t ransfer  coefficient recorded by the thermocouple a t  
from the center l ine,  which i s  within the area showing increased shear 
i n  the o i l  flow. A t  more forward locations (f igs .  l l (a ) ,  (b), and (c)) ,  
no clear  indication of loca l ly  increased heating can be seen, but the 
thermocouple spacing i s  too large t o  prove tha t  some increase does not 
occur i n  the.area indicated by the oil-flow patterns. 

y = 0.62 inch 

A check w a s  made t o  f ind out the possible e f fec t  of Reynolds number 
on heat t ransfer  ( f igs .  I2 and 13).  
( f ig .  12) the data  from stat ions 1.25 and 2.00 a t  several stream uni t  
Reynolds numbers f a l l  along a single curve. However, a t  the rearmost 
s ta t ion  ( s ta t ion  2.75) on the conical afterbody, the several  stream 
Reynolds numbers gave considerably d i f fe ren t  curves. A t  a = 15' the 
conical afterbody sees the flow i n  the sense of Newtonian theory. 

For an angle of attack of 15' 

This e f f ec t  of Reynolds number on the conical afterbody a t  a = 30° 
i n  figure 13 i s  much smaller. 
heat t ransfer  at  
boundary-layer flow a t  the rear s ta t ion  on the cone. 

It i s  possible tha t  the behavior of the 
indicates the presence of some t rans i t iona l  a = 15' 

Figure 14(a) shows the heat-transfer parameter near the center 
l i ne  of the f la t  bottom of the model plotted against angle of attack. 
"he curves at angles of attack above 20° show the same trend with a 

as does E which i s  also shown. Therefore, l oca l  f la t -p la te  theory 

should be adequate f o r  predicting the heat t ransfer  f o r  angles of attack 
above 200. 
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On the cyl indrical  surface between the conical afterbody and the  
f l a t  bottom, the highest heat t ransfer  occurs a t  the s ta t ion  nearest  
the nose a t  a = 0' ( f i g .  14(b) ) .  With increasing angle of a t tack the 
heat t r ans fe r  becomes more nearly independent of distance from the nose. 
The distance from the nose i s  seen t o  have a large e f f ec t  on the heat 
t ransfer  on the  cy l indr ica l  surface a t  low angles of a t tack (-15' t o  15'). 
However, above a = 15' the heat t ransfer  i s  l i t t l e  affected by the 
presence of the nose. This r e su l t  i s  analogous t o  previous r e su l t s  
obtained from delta-wing t e s t s  (ref. 6). 

On the center l i ne  of the conical afterbody ( f ig .  14(c))  the trend 
with angle of a t tack w a s  as expected with the exception of the behavior 
of location 37 a t  the most af t  s t a t ion  (2.75). There unfortunately w a s  
insuf f ic ien t  instrumentation t o  explore those unusual r e su l t s  fur ther .  

I n  f igure 14(d) the behavior of a fixed point ( locations 1 and 4) 
as the stagnation point moves i s  i l l u s t r a t ed .  Locations 13, 16, and 14 
show far l e s s  e f f ec t  of u on heat t ransfer .  

Comparison With Theory and Delta-Wing D a t a  f o r  F la t  Bottom 

I n  f igure 15 the heat-transfer resu l t s  obtained f o r  the f l a t  bottom 
(along the center l i ne )  were compared w i t h  data obtained from previous 
t e s t s  of d e l t a  wings having blunt noses and blunt leading edges and 
w i t h  l o c a l  f l a t -p l a t e  theory. 

The reference value ht, th 

The re la t ion  fo r  stagnation-point heating on a 

w a s  calculated f o r  the center of a 

flat-nose disk with rounded edges tha t  could be inscribed i n  the nose 
of the model tes ted.  
body of revolution ( r e f .  9) was used: 

where the subscript  a denotes values for conditions j u s t  behind a 

w a s  evaluated from the correlat ion of D du normal shock and 

rounded-disk data presented i n  reference 6, f o r  a r a t i o  of edge t o  disk 
r radius - = 0.51. The conditions assumed f o r  the calculation were: 

D/2 

M, = 9.65 



pt = 45 a t m  

T t  = 1,610' R 

D = 1.10 in.  

= 4.14 
x=o 

A l l  values of h 
divided by this  reference value. 

obtained from both the theory and the t e s t s  were 

The loca l  f la t -p la te  theory used i n  calculating the theoret ical  
heat-transfer coefficients w a s  based on that given i n  reference 10. 
coefficients for a blunt-nose f l a t  plate  with zero pressure gradient 
were f i rs t  calculated by using the T-prime method and the modified 
Reynolds analogy applied t o  the Blasius skin-friction value: 

The 

where 

C' = I-LfplTfp 

VfpTfp' 

was evaluated a t  T ' .  
The subscript f p  

fP  
The Reynolds analogy fac tor  bfp = Npr 

(Values of Npr f o r  air  are tabulated i n  ref .  11.) 

denotes the reference conditions exis t ing on a blunt-nose f l a t  plate  a t  
zero angle of attack, w i t h  a pressure equal t o  free-stream s t a t i c  
pressure. 
used: 

The Monaghan T-prime equation as given i n  reference 10 was 

Substi tuting NPr = 0.685, rearranging, and rewriting i n  the nota- 
t i on  used i n  this t ex t  reduces equation (5) t o  



14 

Tfp' % 2 

TfP TfP 
- = 0.4125 + 0.5875 - + 0 . 0 3 0 2 ~ f ~  

obtained w a s  then corrected f o r  e f fec ts  
hfP The resul t ing value of 

of pressure by 

- where pfp - p, and K3 w a s  assumed equal t o  1. 

L 
1 
6 
0 

The resu l t s  from the above calculations are presented i n  figures Yj(a) 2 
and (b) along with actual  measured values of h from the t e s t  on the 
model and from a blunt-nose de l t a  wing. As can be seen at  the higher 
angles of attack the loca l  f la t -p la te  theory i s  a f a i r l y  good f i rs t  
approximation t o  the center-line dis t r ibut ion of heat transfer.  The 
data obtained from the t e s t s  also compare favorably with data from 
previous delta-wing t e s t s  a t  a l l  angles of attack. 

CONCLUDING RENAFW 

Experimental measurements of surface pressure, heat-transfer coef- 
f ic ien ts ,  and surface oil-flow patterns were presented f o r  a configura- 
t ion consisting of a half-cone with a f la t  canted nose and rounded edges. 

The f la t  bottom, despite the wide blunt nose and short chord, w a s  
found t o  behave very much l ike  the sphere-nose de l ta  wing. The ef fec t  
of the nose on pressures decreased with angle of attack, and could be 
reasonably neglected f o r  angles of attack above l5O f o r  distances as 
short as twice the nose height from the nose. 
zero and below, the heat t ransfer  w a s  l e s s  than would be predicted from 
the measured pressures as w a s  the case f o r  the de l t a  wing but showed 
a lso  loca l  regions of increased shear and heat t ransfer  due possibly 
t o  vortices originating at  the corners of the nose. 

A t  lower angles of attack, 

The nose i s  approximately semicircular i n  outline, but it w a s  
found t h a t  the pressure dis t r ibut ion of the inscribed c i rcu lar  disk fur- 
nished a basis f o r  constructing the streamlines and estimating the 
stagnation-point heat-transfer rates f o r  the angle of attack where the 
nose is  normal to the stream (a = 35O). 



The oil-flow patterns showed regions where the s t r e d i n e s  could 
be considered approximately straight,  so tha t  a loca l  f la t -p la te  theory 
for the heat-transfer rates could be used t o  give a good estimate of 
heat-transfer rates i f  the pressure dis t r ibut ion i s  available. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field, Va., June 19, 1961. 
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TABIZ I.- PRESSURE-ORIFICE AND THERMOCOUPLE: 

LOCATIONS ON MODEL - Concluded 

Explanatory Notes 

Line of tangency between f la t  nose and cylinder connecting nose 
t o  f la t  bottom 

2 8 O  from l ine  of tangency between f la t  bottom and cylinder con- 
necting nose t o  bottom (midway between l ines  A and C )  

Line of tangency between f l a t  bottom and cylinder connecting 
nose t o  f la t  bottom 

Line of tangency between f la t  nose and toroidal  surface 

53' from l ine  of tangency between f l a t  nose and toroidal  surface 
(midway between l ines  D and F) 

Line of tangency between toroidal  surface and conical afterbody 

Line of tangency between conical afterbody and cylindrical  surface 

45O from lPne of tangency between f l a t  bottom and cylindrical  
surface connecting the bottom with the conical afterbody 

- 
connecting the conical afterbody with the f l a t  bottom 

Line of tangency between f l a t  bottom and cylindrical  surface 
connecting the bottom with the conical afterbody 

8 = 0' (0.127 inch from center l ine  of bottom surface) 
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Figure 2.- Relation between recovery temperature and loca l  pressure for 
isentropic .flow from the stagnation point. 
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Surface distance,y; in. 

(a) Station 1.25. 
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Figure 4.- Transverse pressure dis t r ibut ions over the model a t  t w o  sta- 
t ions for several angles of attack. 
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(b) Station 2.73. 

Figure 4.- Concluded. 
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Figure 5.- Correlation of pressures obtained on f la t  bottom with pres- 
sures measured on de l t a  wing and with Newtonian theory. 
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c 

Bottom view Top view 

Front view Side view 

(a) a = -20'. L-61-2229 

Figure 6. - Surface oil-flow patterns. (Arrow indicates direction of 
free-stream flow. 1 



Bottom view Top view 

Front view 

(b) u = -10'. 

Figure 6. - Continued. 

Side view 

L-61-2230 



28 

Bottom view Top view 

Front v le w 

(c )  a = oo. 

Figure 6.- Continued. 

Side view 

L-61-2231 



Bottom view Top view 

Front view 

(d) u = 100. 

Figure 6.- Continued. 

-~ -. 

Side view 

L-61-2232 



Bottom view Top view 

~_ ._____. 

Front view Side view 

(e) a = 200. L-61-2233 

Figure 6. - Continued. 



Bottom view Top view 

Front view Side view 

(f) a, = 30'. 

Figure 6. - Continued. 

L-61-2234 
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Bottom view Top view 

Front view S ide  view 

(g) a, = 35O (oil-dot technique). L-61-2233 

Figure 6.- Continued. 
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Top view 

Side view 
(h) a = 35O (oi l - f i lm technique). 

Figure 6. - Continued. 

L-61-2236 



Bottom view Top view 

Front view Side view 

(i) u = 4-0'. L-61- 2237 

Figure 6.  - Continued. 
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Bottom view Top view 

Front v i e w Side view 

(j) a, = 50'. L-61-2238 

Figure 6 .  - Continued. 



Top v iew Bottom view 

Front view S ide  view 

(k) u = 60°. 

Figure 6 .  - Concluded. 
L-61-2239 
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L-61-2241 
for several angles of attack. 
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(a) a = -15O, Oo, and 15'. 

39 

2 3 

Figure 9.- Heat-transfer dis t r ibut ion along the center l ine  of the model 
f o r  several angles of attack. M, = 9.65; %,D = 0.118 X 10 6 . 
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Figure 9.- Continued. 
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Figure 9. - Concluded. 
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' Surface distance,y,in. 

(a) Station 0.875. 
Figure 11.- Circumferential heat-transfer distribution w i t h  angle 

of attack a t  several s ta t ions on the model. L,D = 0.118 x 10 6 . & = 9.65; 
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Figure 11. - Continued. 
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Figure 11. - Concluded. 
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(a) Station 1.25. 

Figure 12.- Effect of Reynolds number on circumferential heat-transfer 
distribution at a = 15O. 
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(b) Station 2.00. 

Figure 12.- Continued. 
A 
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Surface distance,y, in. 

( c )  Station 2.75. 

Figure 12.- Concluded. 
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(a) Station 1.25. 

Figure 13.- Effect of Reynolds number on circumferential heat-transfer 
distribution at u = 30°. 



52 

8 

z 
c- 
u) 

4.0 

2.0 

I. 0 

0.8 

0.6 

0.4 

0.2 

0 .I 

.. 

I I  

0 I 2 3 4 5 
Siirfnre dictnnra v in 

(b) Station 2.00. 

Figure 13. - Continued. 
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Figure 13. - Concluded. 
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Figure 14.- 

(a )  Along center l ine  of bottom. 
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Variation of heat t ransfer  with angle of attack a t  selected 
stations.  
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F"igure 14.- Continued. Q 
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( c )  Along center l ine  of top. 

Figure 14. - Continued. 
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(d) Miscellaneous. 

Figure 14. - Concluded. 
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Figure 15.- Comparison of heat t ransfer  obtained along center line of 

bottom with resul ts  obtained from delta-wing tests and with theory. 
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Figure 15. - Concluded. 
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